We present a study of the synthesis of epitaxial V2O3 films on c-plane Al2O3 substrates by reactive dc-magnetron sputtering. The results reveal a temperature window, at substantially lower values than previously reported, wherein epitaxial films can be obtained when deposited on [0001] oriented surfaces. The films display a metal-insulator transition with a change in resistance of up to four orders of magnitude, strongly dependent on the O2 partial pressure during deposition. While the electronic properties of the films show sensitivity to the amount of O2 present during deposition of the films, their crystallographic structure and surface morphology of atomically flat terraced structures with up to micrometer dimensions are maintained. The transition temperature, as well as the scale of the metal-insulator transition, is correlated to the stoichiometry and local strain in the films controllable by the deposition parameters.
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Vanadium sesquioxide, V 2 O 3 , is a transition metal oxide which undergoes a first order structural phase transition (SPT) from a high temperature metallic state to a low temperature insulating state. During this structural transition the crystal structure of the film changes from a rhombohedral phase to a monoclinic phase and has been reported to exhibit a nanotextured phase coexistence in thin film form.
1 The structural transition is linked to the metal-insulator transition (MIT) and can be observed through the resistivity of the material. For bulk V 2 O 3 , the transition temperature is around 155 K. However, for V 2 O 3 thin films grown on single crystal substrates the temperature and magnitude of the MIT can vary with the choice of deposition method and conditions, substrate material and surface orientation.
2-4 The controlling materials parameters involved in these cases include strain in the film, induced by the lattice mismatch between V 2 O 3 and substrate material, 5 the amount of vanadium and oxygen deficiencies, 6 crystalline defects, and structural disorder.
7 Tunability of the metal-insulator transition by stoichiometry in bulk V 2−x O 3 has been observed where the increase in oxygen content shifts the MIT to lower temperatures and fully suppresses the transition for x > 0.026. 8 A similar suppression of the MIT has been reported in Cr doped V 2 O 3 thin films grown on Al 2 O 3 [0001] surfaces and attributed to Cr promoting oxygen excess in the films, stabilizing the metallic state.
9
In this paper we present a study of the structural and electronic properties of V 2 O 3 thin films fabricated on Al 2 O 3 [0001] substrates by reactive dc-magnetron sputtering. Controlling the oxygen partial pressure and substrate temperature during growth, we obtain epitaxial thin film layers of V 2 O 3 showing low roughness terraced surfaces. The structural quality of the films is linked to the substrate temperature during deposition and resilient to changes in the O 2 partial pressure during deposition. However, we observe a strong dependence of the magnitude and temperature of the MIT on the O 2 partial pressure during growth.
The films were fabricated by reactive dc-magnetron sputtering from a vanadium target using a custom built magnetron sputtering chamber 10 . During sputtering the chamber pressure was maintained at 0.4 Pa with an Ar flow rate of 20 sccm and O 2 flow rate in the range 1.4 to 2.0 sccm. The films were deposited onto unannealed single crystalline sapphire substrates with c-plane [0001] surface orientations. During growth, the substrate temperature was controlled in the range of 350
• C to 670
• C. After film growth the samples were allowed to cool down in-situ to room temperature before ex-situ characterization. The thickness of the films was maintained at ∼60 nm. The deposition rate varied slightly for the different O 2 settings rising from 0.84Å/s at 1.4 sccm up to a maximum of 0.89Å/s at 1.6 sccm before falling to 0.77Å/s at 2.0 sccm. The structural properties and surface morphology of the films were investigated by xray diffraction, x-ray reflectivity measurements, reciprocal space mapping and atomic force microscopy. The electrical resistance of the films was measured using a two point resistance measurement setup in the temperature range of 10 K to 300 K. 100 nm thick gold electrodes were deposited along the edges of the films after deposition to provide electrical contact to the films. Further details regarding the experimental procedures are given in supplementary material. Figure 1 shows x-ray diffraction scans recorded for films grown onto c-plane Al 2 O 3 for various substrate temperatures while maintaining a fixed O 2 partial pressure. Varying the growth temperature reveals a finite temperature window within 400
• C to 600
• C (for the chosen O 2 flow rate). Within this range, the films display a highly epitaxial nature with a strong V 2 O 3 (0006) peak and Laue fringes extending from both sides of the peak. This is highlighted in Figure 1 (b) which shows the ratio of the mean size of crystalline domains in the vertical direction to film thickness, as a function of temperature. Previously reported temperature values used for the fabrication of epitaxial V 2 O 3 are generally in the range of 700
• C. post deposition annealing. 15 Figure 1(c) shows the location of the V 2 O 3 (0006) peak shifting toward lower values with increasing temperature crossing the bulk value of 38.514
• . 16 The shift of the peak to higher angles compared to bulk V 2 O 3 indicates compressive strain in the out-of-plane direction relaxing with increasing deposition temperature.
Selecting a fixed substrate temperature of 485
• C, from the x-ray investigations shown in Figure 1 , a series of films were grown at different O 2 flow rate settings while maintaining other growth parameters fixed. Figure 2 lations and reveal a vertical coherence close to the film thickness. Full width at half maximum (FWHM) of rocking curves (ω scans) recorded around the (0006) peaks are in all cases below 0.003
• . The epitaxial nature of the films is therefore resilient to variations within this O 2 flow rate range. Figure 3 shows the resistance as a function of temperature for films fabricated under the different O 2 conditions. All the films display a clear MIT with varying magnitude. For these films the resistance change ranges up to four orders of magnitude for the transition. As the temperature is further reduced the resistance increases resulting in a total resistance change of up to 7 orders of magnitude, limited by the measurement setup. As illustrated in Figure 2 the structural properties of the films are preserved. However, under the variation of the oxygen conditions the temperature dependent resistance of the films changes. For the films fabricated under the lower oxygen flows, a clear abrupt transition is observed with a transition temperature close to that of bulk V 2 O 3 . As the oxygen flow rate increases, both the magnitude In order to further investigate the epitaxial nature of the films and explore the strain within the grown films, we performed reciprocal space map (RSM) scans of the films around the asymmetrical (1 0 -1 10) peak. The (1 0 -1 10) peak was chosen as it has the strongest relative intensity for V 2 O 3 . For all the films, the scans showed peaks confirming the epitaxy of the films. Figures 2(b) and (c) show RSM scans for films grown at 1.4 sccm and 2.0 sccm O 2 flow rates. The scans show two layer peaks, one corresponding to a fully strained component of the film and one corresponding to a relaxed part with position close to bulk values. The extracted c lattice parameters of the relaxed component show a slight shift towards lower lattice spacing consistent with the shift in the (0006) peak in the x-ray diffraction scans ( Fig. 2(a) ). Extracting the lateral a lattice parameter gives values in the range of a = 4.977Å to a = 4.971Å for the relaxed part of the film from lowest to highest O 2 flow settings. Compared to bulk V 2 O 3 with a = 4.954Å these values show the lattice to be expanded in the plane of the film. Considering the in-plane lattice parameter of Al 2 O 3 , which is 4.1% smaller than that of bulk V 2 O 3 , this result runs counter to expectation as the relaxed V 2 O 3 part is expanded in the plane, increasing the lattice mismatch. 5 The variation in the c and a lattice parameters we observe for the different O 2 conditions are an order of magnitude lower than that expected for thermal expansion due to the temperature during growth. Fitting the peak widths in Figures 2 (b) and (c) reveals a mosaic spread in the range 0.11
• to 0.28
• and a lateral correlation length ranging from 15 nm to 55 nm with in- creasing O 2 flow (see supplementary material) . 17, 18 The peaks with Q x values corresponding to the substrate indicate that a fully strained interface layer is formed in the initial stages of deposition. 7, 11 The intensity of these peaks reduces with increased O 2 flow rates.
The observed results support the structural model proposed by Schuler et al. 5 concerning the local stress evolution as the film grows. Although the strain-relaxation in the higher O-containing film is more pronounced, the local tensile strain in the vicinity of the film surface is higher than that of the low O-containing film due to more inhabitation of O interstitials in the crystal. This is evident considering the lateral structural correlation length being larger as a result of larger lattice mismatch which causes long-range elastic interaction between different domains of the film, specifically during the phase transition.
1 The oxygen excess we observe in our films is corroborated by the lattice parameters determined from the x-ray scans. For bulk V 2−x O 3 , suppression of the MIT has been observed for x > 0.026. 8 The concomitant variations in the a and c lattice parameters reported, (4.947Å<a<4.955Å) and (13.995Å<c<14.003Å), correspond closely to the values we observe for our thin film variant.
As recently reported 1 , the phase transition in V 2 O 3 undergoes nanotexturing of insulating and metallic domains where the domains co-existence 19, 20 and dynamics are governed by the lattice-mismatch-induced elastic interaction between monoclinic and rhombohedral domains. However, during the transition, the dynamics of the emerging insulating domain can be suppressed by the stabilization of metallic domains by local stress in the film.
1 Such stress can induce alteration in d-orbital occupancy 21 inducing a collapse in insulating domain emergence. This phenomenon has been observed for VO 2 thin film systems under photoexcitation, 22,23 under controlled epitaxial strain, 24 predicted for other correlated metal oxide systems, 25 and supported by nano-IR imaging for V 2 O 3 .
1 Although metal domain stabilization has been speculated to be due to epitaxial strain, our results indicate that the local stress evolution is responsible for the change in overall film conductivity. The stress evolution in our films is mediated by higher oxygen content, which we relate to more O-interstitials promoting elevated mismatch and local tensile stress in the vicinity of the surface. Figure 4 shows AFM images of the sample series where the O 2 partial pressure was varied (see Figure 2) . With varying O 2 flow rates, the surfaces show large terraced structures indicating atomically flat epitaxial films in agreement with the low mosaic spread observed from the RSM. AFM images recorded for films grown at temperatures at the lower and higher end of the temperature window (see figure 1) showed an increased surface roughness. Gilbert In summary, by controlling the deposition conditions for reactively sputtered V 2 O 3 films we have fabricated flat epitaxial films with surface roughness below 0.5 nm at deposition temperatures below 500
• C. Tuning the O 2 partial pressure, we are able to control the temperature and scale of the metal-insulator transition through stoichiometry and local strain engineering of the films, altering orbital occupancy and metallicity stabilization while maintaining the crystal structure minorly affected.
